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Ultracold atomic gases have recently become a driving force in few-body physics due to the obser-
vation of the Efimov effect. While initially observed in equal mass systems, one expects even richer
few-body physics in the heteronuclear case. In previous experiments with ultracold mixtures of
potassium and rubidium, an unexpected non-universal behavior of Efimov resonances was observed.
In contrast, we measure the scattering length dependent three-body recombination coefficient in
ultracold heteronuclear mixtures of 39K-87Rb and 41K-87Rb and do not observe any signatures of
Efimov resonances for accessible scattering lengths in either mixture. Our results show good agree-
ment with our theoretical model for the scattering dependent three-body recombination coefficient
and reestablish universality across isotopic mixtures.
The richness of the quantum mechanical few-body
problem lies in its mix of conceptual simplicity and sur-
prising ensuing complexity. Ultracold atoms have re-
cently become a preferred tool for the investigation of
such few-body systems due to the precise available con-
trol over the two-body interaction strength. The prime
example of current scientific interest is the Efimov ef-
fect [1]. In this scenario, a short-range two-body interac-
tion leads to an intricate spectrum of three-body bound
states described by universal scaling factors, while all the
two-body subsystems are unbound. Studying the conse-
quences of this effect on corresponding many-body sys-
tems is an important yet challenging task [2–4].
The effect was initially proposed by V. Efimov in the
context of nuclear physics [1], however the detection in
nuclei has failed so far [5]. The first unambiguous detec-
tion of the Efimov effect was made by observing atom loss
resonances in a cold cesium gas [6]. This led to a num-
ber of observations of this effect in single species experi-
ments [6–12], in collisions between atoms and dimers [13–
15], the direct association of trimers [16–18] and the ob-
servation of universality across different Feshbach reso-
nances and atomic species [19–22]. Recently, experiments
in cesium [23] extended the range to a second loss reso-
nance, confirming the universal scaling factor of 22.7 be-
tween the involved Efimov trimer states [24]. Moreover
beams of molecular helium [25] allowed an observation of
the spatial size and structure of the trimers.
Mass-imbalanced systems can provide a much denser
spectrum when all scattering lenghs are large [26, 27].
So far only four different heteronuclear isotopic mix-
tures have been investigated. Initial experiments in the
41K-87Rb Bose-Bose mixture reported Rb-Rb-K and a
K-K-Rb resonances and a possible signature of a K-Rb
atom-dimer resonance [28, 29]. This result was controver-
sial, since the observation of the K-K-Rb resonance was
not expected at the available sample temperature [30].
It prompted further experiments in the 40K-87Rb Bose-
Fermi mixture [31, 32], which surprisingly only showed
an Efimov type resonance for collisions between atoms
and dimers but not for atomic three-body recombination,
despite the fact that similar results were expected [33].
Moreover universal scaling of this resonance position is
incompatible with the resonance positions observed in
41K-87Rb [28, 29, 34]. More recently, an Efimov reso-
nance in 7Li-87Rb mixtures was observed [35] and the ex-
treme mass imbalanced case of 6Li-133Cs allowed for the
clear observation of multiple Efimov resonances [36, 37]
due to the favorable scaling factor of 4.9 [24].
In heteronuclear systems a natural approach is to study
different isotopic mixtures e.g. the light atom can be ex-
changed while retaining the scattering properties of the
two heavy ones. In this sense, the case of Efimov physics
in K-Rb mixtures remained inconclusive, prompting our
investigation in 39K-87Rb and 41K-87Rb Bose-Bose mix-
tures, despite the fact that the disadvantageous scaling
factor of∼ 115 and 130 respectively excludes the observa-
tion of multiple Efimov resonances at currently available
sample temperatures [24].
These experiments with ultracold atoms are enabled
by the use of atomic Feshbach resonances [38], which al-
low for tuning of the scattering length a to large values
where Efimov three-body states are expected [24, 39, 40].
In the vicinity of such a Feshbach resonance, the three-
body recombination coefficient α typically depends on
a4 [24, 40–42]. This ceases to hold very close to a reso-
nance for large |a| where the finite temperature of exper-
iments implies a constant recombination coefficient [30].
Likewise, the a4 dependence no longer holds in the limit
|a| ∼ r0, where r0 is the range of the two-body potential,
since the scattering properties then depend sensitively on
the short-range details. Fortunately, Efimov three-body
states can typically be studied in a window between these
two limits. If such an Efimov state is formed, it decays
into a deeply bound dimer and a free atom, both of which
leave the system. Thus the Efimov effect leads to reso-
nances in the three-body recombination coefficient.
In this letter, we present our measurements of the
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mixtures of 39K-87Rb and 41K-87Rb in the vicinity of
three Feshbach resonances. The results show good agree-
ment with our theoretical model of the recombination
coefficient for negative scattering lengths. We do not ob-
serve any signs of Efimov resonances, confirming the ex-
pected behavior of Efimov physics across similar isotopic
mixtures of cold atoms [33].
We first measured the three-body recombination coef-
ficient in cold atomic mixtures of 39K and 87Rb. Since
these experiments were in disagreement with previous re-
sults in 41K and 87Rb, we subsequently investigated these
mixtures. The experiments were conducted in an appa-
ratus previously described in [43, 44]. Typically, mix-
tures of 0.5 × 105 K and 1.5 × 105 Rb atoms are pre-
pared in a crossed beam optical dipole trap at a temper-
ature of approximately 350 nK in the vicinity of a Fesh-
bach resonance. To initiate a measurement the magnetic
field is abruptly changed to obtain the desired scatter-
ing length and the ensemble is held at this field for a
variable duration. Subsequently the number of atoms
in each species and the temperatures of the K and Rb
clouds are obtained from time-of-flight images recorded
after 14 ms and 16 ms of free expansion respectively. The
hold times at each scattering length are chosen to match
the timescale of the decay process. Figure 1 displays the
typical evolution of atom numbers and temperature for
39K and 87Rb as the sample is held at a field correspond-
ing to a ≈ −880 a0, where a0 is the Bohr radius.
The observed loss of atoms can be modeled by the
coupled differential equations
dNa
dt
=− 2
3
αaab
∫
n2anbd
3r − 1
3
αabb
∫
nan
2
bd
3r
− αaaa
∫
n3ad
3r − Na
τ
, (1)
where a and b refer to the two species, n are the atomic
densities, α are the three-body recombination coefficients
for the different loss channels, τ is the background life-
time and N is the number of atoms.
In addition to the atom loss, two heating effects take
place. Since the three-body recombination losses occur
mainly at high densities, atoms at the trap center are
lost preferentially, leading to heating [45]. Moreover the
decay energy of the three-particle state can be released
into the sample. Similar to previous work [9], the latter
heating mechanism has little effect, and we neglect it in
our evaluation.
In case of a-a-b recombination in mixtures, the
mean potential energy of lost atoms is βaab =
2
3βa +
1
3βb where βa =
∫
n2anbUad
3r/
∫
n2anbd
3r and βb =∫
nan
2
bUbd
3r/
∫
nan
2
bd
3r, where U is the potential en-
ergy, resulting in a excess energy of 32kBT − βaab. When
compared to the average energy 3kBT of the sample of
Na + Nb atoms, the heating from the a-a-b loss channel
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FIG. 1. Atom number and temperature for a measurement of
the three-body recombination coefficient. Top panel: Number
of 87Rb (solid red circles) and 39K (open blue circles) atoms.
Bottom panel: Weighted average of the two cloud tempera-
tures (black diamonds). The lines correspond to the fitted
numerical solutions of the differential equations (see text).
is [
dT
dt
]
aab
= αaab
3
2kBT − βaab
3kB
∫
n2anbd
3r
Na +Nb
, (2)
and the total heating is the sum of the heating from all
channels [9, 45].
An important aspect in the analysis of three-body
losses in Bose-Bose systems, is the relative strength of the
two interspecies three-body recombination coefficients
αaab and αabb. Since two heavy and one light atom
are more strongly bound than one heavy and two light
atoms, the K-Rb-Rb channel is expected to be signif-
icantly stronger [24, 26, 33]. Moreover we performed
our experiments with at least twice the number of Rb
with respect to K atoms. Hence the losses from the
K-K-Rb channel are insignificant, and are neglected in
the evaluation. The single species three-body recom-
bination coefficients are known from previous measure-
ments [9, 46, 47] and the background lifetime was mea-
sured independently [48]. This allows us to extract the
three-body recombination coefficient αKRbRb by fitting
the resulting three coupled differential equations to our
experimental data as shown in Fig. 1.
In our first set of experiments 39K and 87Rb atoms
are both prepared in the |F,mF 〉 = |1,−1〉 state and
an s-wave Feshbach resonance at 117.56 G is used to
control the interaction [49]. The sample is held in an
optical dipole potential with trapping frequencies νρ =
118 Hz (84 Hz) and νz = 164 Hz (111 Hz) for
39K (87Rb).
Decay measurements are performed at various interac-
tion strengths and by using the fitting procedure out-
lined above, the resulting αKRbRb is obtained as shown
in Fig. 2. Besides the expected increase in the recom-
bination coefficient for positive and negative scattering
lengths, no significant enhanced losses due to an Efimov
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FIG. 2. Three-body recombination coefficient as a function of scattering length for the 39K-87Rb mixture. The solid blue line at
negative scattering lengths is obtained from our theoretical model. For positive scattering lengths a fit with an a4 dependence
(blue line), and possible Efimov recombination minima at 2800 a0 (dashed yellow line) and 5100 a0 (dashed-dotted green line)
are displayed (see text). The error bars represent weighted averages of the fit uncertainties.
resonance or suppressed losses due to an Efimov recom-
bination minimum are observed [41].
In our second set of experiments, 41K and 87Rb atoms
are prepared in the |1, 1〉 state in an optical dipole trap
with trapping frequencies of νρ = 124 Hz (89 Hz) and
νz = 170 Hz (119 Hz) for
41K (87Rb). We primarily em-
ploy a Feshbach resonance at 38 G to tune the scattering
length. Since scattering lengths between 0 and 640 a0
can not be addressed with this resonance due to a large
offset at low fields, we additionally use a resonance at
79 G to address scattering lengths in this range [50]. The
scattering length dependence on the magnetic field is ob-
tained from a model for the full molecular potential [51].
The three-body recombination coefficients obtained by
the fitting procedure outlined above are shown in Fig. 3.
Once again we do not observe any significant deviations
from the expected a4 dependence for positive scattering
lengths and thus no sign of Efimov resonances.
However, we do observe a loss peak at approximately
−500 a0. We have performed collisional spectroscopy at
this feature and clearly resolve the double peak structure
shown in Fig. 4. This identifies this feature as a p-wave
Feshbach resonance in correspondence with theoretical
prediction [50]. Besides this Feshbach resonance, we do
not observe any significant enhancement of losses due to
the Efimov scenario for negative scattering lengths.
For both experiments the average loss ratio between
the two species is observed to be ∆NRb/∆NK ≈ 2, con-
firming that the recombination of Rb-Rb-K is the main
loss channel. The lower limit for the detection of a reso-
nance in both scenarios is approximately |a| ≈ 2RvdW ≈
144 a0 where the details of the interatomic potential be-
come dominant. The upper limit is set by the tempera-
ture at approximately 2000 a0 where the recombination
coefficient saturates [30]. The deviation of our data from
the expected behavior is close to these limits. However,
there are still some discrepancies due to the interaction
between the rubidium atoms in the three-body recombi-
nation process which have not been included in the theo-
retical model. We estimate a 15% systematic uncertainty
of the atom number. Equation (1) thus yields a relative
uncertainty of the three-body recombination coefficient
of 50%. This corresponds to a small overall shift of the
data and does not influence our conclusions.
In order to exclude the influence of further Feshbach
resonances we have performed collisional spectroscopy
at the predicted resonance positions [50] in the range
of our experiment. We identified three previously un-
observed resonance positions (see Supplemental Mate-
rial [52]), which are in excellent agreement with predic-
tion. These resonances are in general much narrower
than the employed s-wave resonances and thus only in-
fluence the three-body recombination rate in a very small
region close to their center [38].
In the following we compare our three-body recombi-
nation results with our theoretical model and with re-
sults obtained in 41K-87Rb and 40K-87Rb [28, 29, 31, 53].
For negative scattering lengths, our theoretical frame-
work [26] is applied, assuming no Efimov resonances as
shown in Fig. 2 and 3. The theory is based on an opti-
cal model approach with an imaginary potential at short
distances and fully accounts for finite temperature effects
by considering recombination at all energies and folding
the results with a Boltzmann distribution for the exper-
imentally determined temperature. Our model does not
involve any rescaling and gives the absolute value of the
recombination rate as a function of the input parameters
of the optical model. Our data agrees well with the theo-
retical prediction for a broad range of scattering lengths.
For low scattering lengths the model is less accurate since
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FIG. 3. Three-body recombination coefficient as a function of scattering length for the 41K-87Rb mixture recorded using two
Feshbach resonances at 38 G (solid circles) and 79 G (open circles). At negative scattering lengths, our theoretical model is
used to display three different scenarios: no Efimov resonance (solid blue line), a resonance at −246 a0 (dashed red line) and a
resonance at −450 a0 (dashed-dotted purple line). For positive scattering lengths a fit with an a4 dependence (blue line), and
possible Efimov recombination minima at 2800 a0 (dashed yellow line) and 5100 a0 (dashed-dotted green line) are displayed (see
text). The error bars represent weighted averages of the fit uncertainties.
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FIG. 4. Collisional spectroscopy of a p-wave Feshbach reso-
nance. Summed atom number of 41K and 87Rb remaining in
the trap for a fixed hold time as a function of magnetic field.
The solid line is a fit of two Gaussians on a linear background.
A typical error bar is displayed.
it does not take the details of the interatomic potential
at short range into account. We observe good agreement
with an a4 dependence for positive scattering lengths for
intermediate scattering lengths, while it deviates for large
scattering lengths due to thermal saturation and for small
scattering lengths due to the short range details of the
interatomic potential.
All K-87Rb combinations have comparable van-der
Waals interaction characterized by RvdW ≈ 72 a0 [38, 54].
In previous experiments with 41K-87Rb mixtures [28, 29],
loss maxima were found at a− = −246 a0 for the K-Rb-
Rb and at a− = −22000 a0 for the K-K-Rb resonance.
The first of these resonances is absent in our results and
the saturation of the tree-body recombination rate con-
firms that the K-K-Rb resonance can not be observed at
currently available sample temperature [30].
In the following, we interpret our results in view of
universal scaling. Based on collisions between atoms
and dimers, atom-dimer resonances were observed at
a∗ = 230 a0 in 40K-87Rb mixtures [31] and more re-
cently at a∗ = 360 a0 in 41K-87Rb mixtures [53]. If
these atom-dimer resonances are associated with the low-
est Efimov state, universal scaling allows for an estimate
of atomic Efimov resonance positions at a− = −55000 a0
and a− = −91000 a0 respectively. Thus these resonances
lie at large interaction strengths outside the currently
accessible regime [34]. This scenario is fully compatible
with our results.
In a second scenario the atom-dimer resonances could
be connected with the first excited Efimov state. In
this case an estimate based on universal scaling sug-
gests atomic Efimov resonances at a− = −450 a0 [31]
and a− = −690 a0 [34]. Figure 3 shows our theoretical
model with added resonances at −246 a0 and −450 a0.
Even within the uncertainty of universal scaling this is in
disagreement with our data and shows that this scenario
is unlikely [55].
For positive scattering lengths the observation of re-
combination minima is possible, depending on the po-
sition of the atomic Efimov resonances. Our data for
39K-87Rb and 41K-87Rb does not show such minima, sup-
porting the scenario that the atomic Efimov resonances
lie at large interaction strengths. In this case possi-
ble positions for the minima at a+ = 2800 a0 [33] and
a+ = 5100 a0 [31] have been suggested. We show these
minima [56] in Fig. 2 and 3 using the analytical expres-
sions from [34]. In 39K-87Rb mixtures our data indicates
that recombination minima lie beyond 5000 a0, consis-
tent with the scenario that atomic Efimov resonances lie
at large interaction strengths [57].
In conclusion, we have measured the three-body recom-
5bination coefficient over a range of four orders of magni-
tude for positive and negative interaction in mixtures of
39K-87Rb and 41K-87Rb. The observed behavior for neg-
ative scattering lengths is in good agreement with our
theoretical model and does not reproduce the results of
reference [28, 29]. Both for negative and positive scat-
tering lengths, no distinct features, which could be as-
sociated with the presence of an Efimov resonance or a
recombination minimum, were observed in the range of
144 a0 to 2000 a0. These results resolve a debate in three-
body physics of ultracold gas mixtures, and hence con-
tribute to the general understanding of mass-imbalanced
few-body systems.
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SUPPLEMENTARY MATERIAL
OBSERVED FESHBACH RESONANCES
assignment Bth (G) Bexp (G)
(331)/(202) 48 47.95
(321) 52 51.67(51.76)
(112) 65 64.73
(102) 73 72.74
TABLE I. Overview of the observed and predicted Feshbach
resonances 41K and 87Rb. Assignments of the quantum num-
bers (fmf l
′) are from [50]. The resonance at 48 G has been
observed previously [50].
